ABSTRACT This research investigated the physiochemical and functional characteristics of chicken liver protein isolate, which was extracted by alkali (CLPI) and ultrasound-assisted alkali (UCLPI), respectively. Protein yield of UCLPI was increased by 55.4% over that of CLPI (P < 0.05). Several amino acids were significantly higher and methionine was lower in UCLPI (P < 0.05). Ultrasound treatment reduced the particle size and prolonged the stability of the protein isolate during 7 d storage. Lower pH and a higher amount of total solubilized proteins (68.5%) were found in UCLPI by comparison with CLPI (61.8%). Surface hydrophobicity increased greatly by 63.0% compared with CLPI, but the total/reactive sulfhydryl groups and the primary structure molecular weight profile between them were not significantly different (P > 0.05). However, the enthalpy of denaturation in UCLPI decreased by 41.7%, which was related to the changes in its second structure. This resulted in better water/oil holding capacity and emulsifying properties for UCLPI. The changed physiochemical characteristics and improved functional properties of UCLPI demonstrated the potential utilization of ultrasound-assisted alkaline extraction in the food industries.
INTRODUCTION
High quantities of residues are generated throughout land and aquatic animal processing for human consumption (Dhillon et al., 2013) . It is estimated that 20 and 100 million tons of discards are generated worldwide, each year, from fisheries and meat (cattle, pigs, and poultry) residues, respectively, and ca. 5.2 and 16.5 million tons, respectively, arise solely from the European Union (Kummu et al., 2012) . Presently, the European Union economy loses a significant amount of potential secondary raw material represented by this waste stream, and for which landfilling, animal feeding, and incineration seem the more convenient management options. However, current usage of byproducts, such as fertilizers, livestock feed, and pet food, has not been totally effective. In this regard, the structural fibrous proteins collagen, elastin, and keratin, along with respective hydrolysates and small peptides, can be recovered from fisheries, poultry, and red meat slaughter residues and employed in high-priority fields, such C 2017 Poultry Science Association Inc. Received August 10, 2016 . Accepted February 25, 2017 Corresponding authors: weiminxu2002@aliyun.com (WMX); daoyingwang@yahoo.com (DYW) as biomedicine, pharmaceutics, and food, and in highly profitable areas, such as cosmetics (Ferraro et al., 2016) .
Traditionally, plant and animal proteins have been extracted by alkaline extraction and isoelectric precipitation (Matak et al., 2015) . However, this traditional approach has some serious defects: A great deal of acerbic or alkaline wastewater is produced, which can cause serious environmental pollution. Moreover, it is easy to cause protein denaturation because of extreme pH, and it is also high in consumption of acid and alkali. Thus, it is imperative to explore an alternative extraction method for proteins from raw material (Sun et al., 2008) . Recently, ultrasound-assisted extraction (UAE) has emerged as a potential approach to extract substances from raw materials (Chemat et al., 2011; Goula, 2013; Li et al., 2017) . UAE has been proven to be a very effective tool for improving the extraction efficiency and shortening the extraction time. The extraction efficiency enhanced by ultrasound is attributed to the phenomenon of cavitation produced in the solvent by the passage of an ultrasonic wave (Fan et al., 2012; González-Centeno et al., 2014) . Ultrasound also exerts a mechanical effect by breaking up the matrix and causing smaller particles to be produced, thereby exposing more surface area to the extraction solvent (Soria and Villamiel, 2010) . Ultrasound has been 2975 recognized for potential industrial application in the phyto-pharmaceutical extraction industry for a wide range of herbal extracts (Ji et al., 2006) . Ultrasonication may reduce the dependence on a solvent and enable use of alternative solvents that may provide more attractive (1) economic, (2) environmental, and (3) health and safety benefits. The UAE technique could be achieved at lower temperatures, which are more favorable for thermally unstable compounds (Wu et al., 2001) . There is a limited number of publications on UAE from animal material. Hepatic cell membranes from animals provide more evidence for the mechanical effects of ultrasound, thus facilitating the release of their contents, in contrast to conventional maceration or extraction (Izamis et al., 2014) .
Thus, the objectives of this research were to discern the effects of ultrasound upon the extraction of chicken liver protein isolate (UCLPI), in particular the changes in physicochemical properties, measured in terms of particle size, surface hydrophobicity, total/reactive sulfhydryl groups, molecular structure, and thermal behavior. Furthermore, differences in the functional performance of UCLPI were assessed in terms of water/oil holding capacity, emulsification activity index, and emulsification stability, compared with those from alkaline extraction (CLPI).
MATERIALS AND METHODS

Preparation of Degreased Chicken Liver Powder
After slaughtering, chicken livers were immediately frozen at −20
• C (Liuhe poultry Foods Co., Ltd., Nanjing, China), packaged in polyethylene bags, and properly transported to the laboratory in a −20
• C environment. Prior to the experiment, the smaller blocks were tempered overnight in a refrigerator at 4
• C, resulting in partially frozen chicken livers. Distilled and deionised water was added to the partially frozen chicken livers at a 1:2 ratio (chicken liver/water, w/v), followed by a homogenization in a laboratory blender with a high speed (Model T25 D S-25, IKA, Staufen, Germany) for 3 min, adjusted to pH 2.0 and heated to 95
• C for 10 min to denature the endogenous enzymes in the livers and then extracted thoroughly with ethanol to obtain degreased chicken liver powders after washing (Zou et al., 2016a) . Last, the degreased powders were dried at 60
• C in an air-drying oven to a constant weight, and the dry powder was stored in plastic bags at 4
• C until further analysis.
Alkaline Extraction of Liver Protein
For alkali extraction of liver protein, one g of degreased liver powders was mixed with 70 mL of 0.80% sodium hydroxide solution and stirred continuously for 5 h at a temperature of 50
• C using a vibrator (Model HH-8, Guohua Electric Appliance Co., LTD, Changzhou, China). The mixture was then centrifuged at 5,000 g for 15 min using a TDL-40B Centrifuge (Vnicen MR, Herolab, Ludwig-Wagner, Germany). The supernatants of alkaline extraction and ultrasonic assisted alkaline extraction were adjusted to pH 4.3 with 0.5 mol/L HCl, left overnight at 4
• C to precipitate the protein, and then the mixture was centrifuged (13,400 g for 30 min) to precipitate the extract. The supernatant of CLPI was carefully collected for further treatment.
Ultrasonic-assisted Alkaline Extraction of Liver Protein
Degreased liver powders were dissolved with a known amount of sodium hydroxide solution and the temperature-controlled ultrasonic generator of 40
• C. (The recovery yield of the chicken liver protein isolate reached peak value at 40
• C from the single-factor test in this study.) They were extracted by ultrasound with a 1.5 cm flat tip probe operating in a pulsed on-time of 2 s and off-time of 3 seconds. A probe ultrasonic reactor (SC-II, Chengdu Jiuzhou Ultrasonic Technology Co., LTD, Chengdu, China) working with a single frequency of 24 kHz and a maximum power of 300 W was used in the ultrasonication experiments for a containing time before being centrifuged (Zou et al., 2016b) . The supernatants of ultrasonic assisted alkaline extraction were treated as the above section. The precipitate (UCLPI) was then freeze dried, and the dry powder was stored in plastic bags at −20
Total Protein Content and Recovery Yield
The total protein content of both CLPI and UCLPI was estimated by the Bradford procedure (Bradford, 1976) . One g of sample was dispersed in 20 mL of 0.2 mol/L NaOH, heated in boiling water for 10 min, and cooled in an ice-water bath. After cooling, the solution was filtered through Whatman No. 1 filter paper. Then, 15 mL of the filtrate were centrifuged with 15 mL of anhydrous ether at 3,000 g for 10 minutes. After centrifugation, 0.05 mL of the lower phase was taken and mixed with 3.0 mL of Bradford reagent, and the absorbance was measured at 595 nm (V-530, Jasco Corporation, Tokyo, Japan). Bovine serum albumin (SigmaAldrich, St Louis, MO) was used as a standard. Protein recoveries (% yield) were calculated from the differences in total protein in the final protein isolate compared with the starting material.
Amino Acid Composition Determination
Samples (weight equivalent to 50 g/kg protein) were hydrolyzed with 6 mol/L HCl and placed in the oven at 110
• C for 24 h in a sealed tube. Amino acid compositions were determined by a Hitachi L-8800 automatic amino acid analyzer (Beckman, Pasadena, America). The amino acid composition was reported as a proportion of the single amino acid to total amino acids. Tryptophan was not determined.
Determination of Particle Size Distributions
The particle size distributions of protein solutions were determined using a Mastersizer 2000 (JSM-5610LV/VANTAGE IV, Malvern Instruments Ltd., Malvern, UK), with water as a dispersion medium. The laser analyzers were all based on dynamic light scattering. The StokeseEinstein equation was used to calculate the particle size and distribution.
pH Measurements and Protein Extractability
The pH of CLPI and UCLPI solutions was measured at a temperature of 20
• C. pH measurements were made by using a SevenEasy pH meter (Mettler Toledo, Coventry, UK). This instrument was calibrated with standard buffer solutions of known pH. The pH values are reported as the average and the standard deviation of 3 repeated measurements. Frozen CLPI and UCLPI were thawed overnight at 4
• C. Total protein extractability was determined by homogenizing 2 g of sample at 3,000 g for 45 s in 20 mL of 30 mmol/L phosphate buffer (pH 7.4) and 50 mmol/L phosphate buffer containing 0.55 mol/L potassium iodide (pH 7.4), respectively. The homogenate was centrifuged in TDL-40B Centrifuge (Vnicen MR, Herolab, Ludwig-Wagner, Germany) at 15,300 × g for 15 min at 4
• C. The supernatant was filtered through Whatman No. 1 filter paper and the protein content of the clear filtrate was determined by the Bradford method (Bradford, 1976) using a standard curve of bovine serum albumin (BSA). The recovery yield was expressed as a difference in total protein content of CLPI and UCLPI after isoelectric precipitation.
Surface Hydrophobicity
The surface hydrophobicity was determined through fluorescence spectroscopy with an ANS probe in accordance with the method described by Sun et al. (Sun et al., 2015) with slight modifications. The relative fluorescence intensity was obtained using an FL-2500 fluorescence spectrophotometer (Hitachi, Science Systems, Ibaraki, Japan). Fluorescence intensity was recorded at excitation and emission wavelengths of 340 and 470 nm, respectively. The index of surface hydrophobicity was determined from the initial slope of the plot of fluorescence intensity vs. protein concentration. Within the protein concentration range used in these experiments, linear relationships were obtained.
Total and Reactive Sulfhydryl Groups Determination
The estimation of total sulfhydryl (T-SH) and reactive sulfhydryl (R-SH) groups was performed using protocols of Coan (Coan et al., 1992) and JimenezGuzman and Cruz-Guerrero (Jiménez-Guzmán et al., 2002) , respectively. Samples were prepared by homogenizing (5,000 g for one min) 2.5 g of recovered protein in 25 mL of Tris-glycine buffer (pH 8.0) containing 5 mM of EDTA. The homogenate was filtered before use. For T-SH estimation, one mL of the filtrate, 4 mL of 10 M Urea, and 50 μL of Ellman's reagent (10 mM 5, 5-dithiobis [2-nitrobenzoic acid]) were added and mixed well by vortex mixer (Fisher Scientific, Ontario, Canada). In the case of R-SH, one mL of filtrate was mixed with 4 mL of Tris-glycine buffer (pH 8.0) and 50 μL of Ellman's reagent. The mixture was kept for one h at 4
• C with intermittent stirring. The absorbance of the solutions was measured at 412 nm against a blank of Ellman's reagent using a spectrophotometer (UV-6100, Meipuda Corporation, Shanghai, China). The SH content was calculated by using a molar extinction coefficient of 13, 600 M −1 cm −1 and expressed as mol g
of protein.
Sodium Dodecyl Sulfate-polyacrylamide Gel Electrophoresis
The electrophoretic separation of protein fractions was performed by 12% of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Extracts (25 mg of protein per sample) were separated using a vertical gel electrophoresis device (PowerPac TM , BioRad, Hercules, Singapore) at 120 V and 20 mA. Gels were stained with coomassie brilliant blue-R250 (BioRad, Hercules, CA).
Differential Scanning Calorimetry
Thermograms obtained by differential scanning calorimetry (DSC) were used to determine both enthalpy variation (ΔH) and peak denaturation temperatures (T peak ) of CLPI and UCLPI dispersions. Samples were equilibrated at 4
• C for 16 h and heated from 20
• C to 120
• C at a rate of 10
respectively. An empty pan was used as reference. At least 3 runs average of the calorimetric results for PLPI and UPLPI were determined, respectively.
Secondary Structure Circular Dichroism (CD)
Changes in protein secondary structure in solution were analyzed using circular dichroism (CD) spectroscopy. CLPI and UCLPI solutions of 100 g/L (w/v) in phosphate buffer were prepared and treated as described above. Samples were diluted to 5 g L −1 in phosphate buffer before analysis. Far-UV spectra of diluted CLPI and UCLPI solutions were obtained from the difference in adsorption of left-and right-circularly polarized light recorded between 193 nm and 260 nm at 20
• C using a JASCO Chriascan spectropolarimeter (Applied Photophysics Ltd., Surrey, UK) with a bandwidth of 2 nm, a 100 nm/min scan rate and a 0.1 cm path length quartz cell. The spectrum of 10 mmol L −1 phosphate buffer was used as a blank and subtracted from the average of 5 spectra to obtain a corrected spectrum for each sample. Experiments were performed in duplicate.
Water and Oil Holding Capacity
Water/oil holding capacity was determined by suspending 0.5 g of protein in 5.0 g of water/oil in a 50 mL screw cap centrifuge tube. Samples were vortexed for 10 s every 5 min for a total of 30 min and then centrifuged (VWR clinical centrifuge 200, VWR International, Mississauga, Ontario, Canada) at 4,000 g for 15 minutes. The supernatant was carefully decanted and the remaining pellet was weighed. Water/oil holding capacity was calculated by dividing the weight gained by the isolate by the original sample weight (×100%).
Emulsifying Properties
The emulsifying activity index (EAI) and the emulsion stability index (ESI) were determined according to the method of Pearce (Pearce and Kinsella, 1978 ) with a slight modification. A mixture of 40 mL of 1.0 g/L, 5.0 g/L, 10.0 g/L, and 20.0 g/L UCLPI and CLPI solution (10 mM phosphate buffer, pH 7.0) and 10 mL of soybean oil was homogenized at 10,000 g for one min at 25
• C with a homogenizer (Universal Scientific Instrument Factory, Jintan, China), respectively. A volume (50 μL) of the solution was pipetted at 0.5 cm from the bottom of the container and dispersed into 5 mL of 0.1% SDS (w/v) at zero and 10 min after homogenization. An optical microscope (DYS-327, Point optical instrument Ltd., Shanghai, China) was used to visualize the microstructure of pre-emulsions using 10.0 g/L CLPI and 10.0 g/L UCLPI (micrographs were magnified 1,000 times). Absorbance of the solution was read at 500 nm against 0.1% SDS solution blank with a spectrophotometer (Beijing Puxi General Instrument Co., Beijing, China). The absorbance values measured immediately (A 0 ) and 10 min (A 10 ) were used to calculate the EAI and ESI:
where c represents the CLPI and UCLPI concentration before emulsification, and Φ is the oil volume fraction (v/v) of the emulsion (Φ = 0.25). 
Statistical Analysis
All experiments were conducted in triplicate samples. Data were presented as mean. Analysis of variance (ANOVA) was performed to compare the effect of ultrasound under the significance level of P < 0.05. All graphs and calculation were preformed with the Origin Pro 8.0 and Microsoft Office Excel 2007, respectively.
RESULTS AND DISCUSSION
Protein Content and Recovery Yield
A high recovery yield is important for economic reasons. In this study, the total protein content was determined from total nitrogen values, while the amount of solubilized protein was determined by a spectrophotometric method. The results obtained for different extraction are shown in Table 1 . The solubilized protein yield of UCLPI recovered by isoelectric precipitation was enhanced significantly (P < 0.05) due to the ultrasound, which was 71.5%, and enhanced by 54.4% over that of CLPI. The difference between these values was assumed to be the insoluble protein content. The pellet composition was estimated from a mass balance of the soluble and insoluble proteins (Hodge et al., 2008) . Consequently, solubilized proteins distributed more or less evenly among pellet and supernatant. The final protein content was found to be not significant between CLPI and UCLPI. This suggests that the ultrasound treatment in our study could not significantly influence the existence of covalent linkage in the proteins. The increase in recovery yield for UCLPI was highly associated with the solubility profile. The main reason for this complexion was that the proper ultrasound-assisted extraction method could effectively promote the insoluble protein to soluble by destroying the integrity of the protein.
Amino acid Composition
The amino acid composition of CLPI and UCLPI are shown in Table 2 . Both of them had a low content of sulphur-containing amino acid such as cysteine, which could be due to their destruction during the preparation of protein isolate using the alkaline extraction approach. On the other hand, they were rich in aspartic acid and glutamic acid, which would suggest that this protein isolate possesses acidic characteristics. Although ultrasound treatment did not statistically affect the ratio of total essential amino acids to total amino acids, the percentages of acidic, basic, hydrophobic, and uncharged polar amino acid (P > 0.05) values of 13 kinds of amino acids (aspartic acid, serine, glutamic acid, glycine, arginine, alanine, proline, lysine, leucine, phenylalanine, threonine, valine, and histidine) were significantly higher for treated samples compared to CLPI (P < 0.05). The lysine content for UCLPI (54.2 per 1,000 residues) was found to be higher than that of CLPI (44.5 per 1,000 residues). It is important to note that lysine is nutritionally important, as cases of growth retardation in children increase as a consequence of deficiency in dietary lysine (Bradford Harris et al., 2013) . Hence, the result suggests that UCLPI could be used as an alternative source for plant-based foods that are low in lysine. A significant (P < 0.05) loss of methionine for the pH treated samples was observed. The reason for the methionine loss might be due to its oxidation during the extraction process (Chambal et al., 2012) . It was reported that methionine can be oxidized to methionine sulfoxide and methionine sulfone during processing (Le et al., 2009 ). Shahidi and Synowiecki (Shahidi and Synowiecki, 1996) reported a decrease in methionine and histidine content along with an increase in glutamic acid content during alkaline extraction of mechanically separated seal meat. However, CLPI and UCLPI had met the minimum E/T ratio (0.36) suggested by FAO/WHO/UNU. It also could be observed that CLPI and UCLPI could fulfill the requirements of amino acid recommended by FAO/WHO/UNU. However, it could be expected that the physicochemical/functional properties of UCLPI would be different from CLPI.
Particle Size Distribution Figure 1 shows the particle size distribution (intensity [%]) for CLPI and UCLPI at room temperature. In this study, the curves presented a single peak distribution with a marked peak at values around 100 nm. However, the ultrasound at room temperature provoked a shift in the particle size distribution to lower diameters, and there was a significant reduction (P < 0.05) in protein size with sonication. This decrease in protein size was attributed to disruption of the hydrophobic and electrostatic interactions that maintained untreated protein aggregates against the high hydrodynamic shear forces associated with ultrasonic cavitations (Ryan and Foegeding, 2015) .
The protein sizes of liver protein isolate solutions were measured immediately after treatment and after one, 3, 5 and 7 d, in order to assess the stability of protein size. Protein size measurements obtained from dynamic light scattering (DLS) for CLPI and UCLPI are shown in Table 3 . As can be seen from Table 3 , the protein sizes were found to be increased with the extension of time in both samples. An increase of 52.4% in size was observed for CLPI, but only an increase of 25.3% for UCLPI, kept for 7 days. This significant reduction in aggregate size of UCLPI allows for improved solubilization and prolonged stability of this liver protein isolate to sedimentation. The reason for the observed decrease is due to disruption of noncovalent associative forces, such as hydrophobic and electrostatic interactions, and hydrogen bonding, which maintain protein aggregates in solution induced by high levels of hydrodynamic shear and turbulence due to ultrasonic cavitations (Ghayal et al., 2013) . The observed increase in size for CLPI and UCLPI from one to 7 d is thought to be the reorganization of proteins into sub-aggregates due to non-covalent interactions (electrostatic and hydrophobic) (O'Sullivan et al., 2016) . Hu et al. (Hu et al., 2013) observed that the volume-mean diameter (D 43 ) of soy protein dispersions decreased significantly during ultrasound applications for the first 20 min, while remaining unchanged from 20 to 40 min, suggesting that longer ultrasound treatment did not cause further changes in the particle size of soy protein dispersions under their experimental conditions. 
Effect of Ultrasound Treatment on the pH and Extractability of Recovered Proteins
As shown in Figure 2 , the pH of UCLPI supernatant decreased significantly (P < 0.05) by comparison to that of CLPI. The decrease in pH of UCLPI solution is thought to be associated with the transitional changes resulting in deprotonation of acidic amino acid residues that were present in the interior of associated structures of untreated proteins prior to ultrasound treatment (Sakurai et al., 2009) .
Extractability is an important property since the amount of protein available in the solution affects the functional properties of proteins. The conformation of proteins, which is related to the environment, plays a significant role in determination of protein functionality. Protein extractability also relates to the surface hydrophobic (protein-protein) and hydrophilic (protein-solvent) interactions (Boye et al., 2010) . The high amount of solubilized total proteins (68.5%) was found in UCLPI (Figure 2) , and the total protein extractability of UCLPI was remarkably higher than that of CLPI (61.8%). The difference in extractability between UCLPI and CLPI might be explained by the different protein sizes and the consequence of different degrees of protein refolding by the pH of solution. Kristinsson and Hultin (Kristinsson and Hultin, 2004) showed that high extractability was a result of proper protein unfolding. Our results indicated that the extractability of protein isolate prepared by ultrasoundassisted alkaline extraction might be more related to protein sizes.
Protein Surface Hydrophobicity
Hydrophobic interactions play a major role in defining the conformation and interactions of protein molecules in solution, thereby affecting the stability of native protein structures. Surface hydrophobicity of proteins helps to determine the rate of protein unfolding due to different processing methods (Mohan et al., 2006) . Regarding molecular properties, surface hydrophobicity strongly increased after ultrasound treatment, suggesting the main exposure of the tryptophane, tyrosine, and phenylalanine residues, particularly the tryptophane residues towards the aqueous environment, which would facilitate the binding of the fluorescence probe (1-anilino-8-napthalenesulfonate, ANS) (Jia et al., 2010) . As shown in Figure 3 , initial slopes of relative fluorescence intensity vs. protein concentration in the presence of ANS of UCLPI increased greatly by 63% compared to CLPI, which was considered significant (P < 0.05). This phenomenon showed that ultrasound could destroy partial hydrophobic interactions of protein molecules, which induced more molecular unfolding of proteins, causing more hydrophobic groups to be exposed outside the protein molecule in our study. The changes might be attributed to the effect of ultra- sound in alliance with alkali on the protein structure and protein denaturation, thus increasing the unfolding of the protein (Bacigalupe et al., 2015) . This observation corroborated a previous report on the whey protein isolate, which showed that different pH solvents resulted in the unfolding of the major whey protein components leading to protein aggregation (Khem et al., 2016) .
Sulfhydryl Group Content
As shown in Figure 4 , the total and reactive sulfhydryl groups of CLPI and UCLPI were not significantly modified upon sonication (P > 0.05), or, if any change occurred it, was reversible. Transient changes in protein have been reported using other technologies; for instance, electric food processing induced partial unfolding of the protein structure, exposing more sulfhydryl groups of ovalbuminin to the surface. However, when the electrically processed ovalbuminin solution was maintained at 4
• C, sulfhydryl groups were observed to be less reactive, suggesting that the partial protein unfolding or the enhanced ionization of SH groups was transient and quickly reversible (FernandezDiaz et al., 2000) . Similarly, Arzeni et al. (Arzeni et al., 2012) found that the free SH groups of soy protein isolate (SPI) did not change significantly after ultrasonic pretreatment. The results presented here concerning SH content also agreed well with those presented by Chandrapala et al. (Chandrapala et al., 2011) , who did not find a variation in traditional and ultrasoundtreated whey protein concentrate solutions. They pointed out that the intra-molecular location of the free thiol groups in β-lactoglobulin and α-lactalbumin might make them less susceptible to degradation by ultrasound. On the other hand, Gülserenn et al. (Gülseren et al., 2007) found a reduction in the free thiol content for their studied proteins as a function of sonication time, and they hypothesized that cavitationgenerated hydrogen peroxide might oxidize susceptible free SH groups, resulting in the decrease of free SH group content of BSA. These results might arise from the differences in the intensity and duration of the applied ultrasound treatment. However, Hu et al. (Hu, Li-Chan, Wan, Tian and Pan, 2013) found that free sulfhydryl content of soluble soybean protein concentrate (SPI) was increased significantly after ultrasonic treatment, which was possibly by the fact that the buried sulfhydryl groups of SPI were exposed during the process of reducing SPI size.
Electrophoresis
The SDS-PAGE profile of protein isolate samples from the conventional and ultrasound-assisted extraction is shown in Figure 5 . The SDS-PAGE patterns of UCLPI did not show any marked change in number or intensity of various polypeptide bands with respect to CLPI. All bands were intact and no extra fragments were observed. Our results on structural aspects of UCLPI indicated that at a primary level the structure of protein was resistant to physical force provided by ul- Figure 5 . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis patterns of CLPI and UCLPI.
trasonication. From electrophoretic profiles of UCLPI, it appears that, under these experimental conditions, various polypeptides present in UCLPI were not completely dissociated. Hence, it is reasonable to infer that physical force applied by ultrasonic radiation is possibly ineffective in breaking the polypeptide backbone of UCLPI, while strength of ionic or hydrogen bond interactions between proteins is susceptible to change. Our results suggest that UCLPI was too resistant to ultrasonication at a primary level; degradation of muscle proteins, as reported to be associated with ultrasonication (Roncalés et al., 1993) , was more likely due to enhanced proteolytic activity rather than physical force of ultrasound.
Influence of Protein Composition on Ultrasonication Effects on Protein Denaturation
The effect of ultrasound treatment on the thermal behavior of liver protein isolate was evaluated using DSC immediately compared to CLPI. When the protein was heated, the hydrogen bond was ruptured and led the molecule structure to open from order to disorder by absorption energy. The higher the peak temperature (T d ), the greater the stability of the protein structure was. The T d of UCLPI was 72.5
• C while T d of CLPI was 53.6
• C, as shown in Figure 6 . The result indicates that ultrasound treatment can enhance the thermal stability of an isolate, which is due to the reduction of protein size and change of protein conformation.
Denaturation is associated with disruption of intramolecular bonds, which is an endothermic process. Changes in denaturation enthalpies could be associated with changes in the bonding pattern, since a protein conformational state with fewer or weaker bonds would require less energy to unfold, and as a consequence a reduction in enthalpy would be observed. The enthalpy of denaturation was decreased by 41.7% of UCLPI, which was attributed to more protein aggregation. The fact Figure 6 . Differential scanning calorimetry (DSC) spectra of CLPI and UCLPI. that UCLPI had a lower denaturation enthalpy was also in agreement with the previous assumption, which was related to the promotion of hydrophobic and ionic interactions using ultrasound. Other results showed that the denaturation enthalpy decreased with the sonication time of BSA solutions (from 15 to 45 min) (Gülseren, Güzey, Bruce and Weiss, 2007) . Consequently, it was concluded that the sonication process had little effect on the structure of liver protein isolate.
Effects of Ultrasonication on Protein Secondary Structure
Ultrasonication could lead to reductions in energy required for protein denaturation, and we tested whether these observations were related to changes in the protein secondary structures. Far-UV CD was used to obtain information about the changes occurring at the secondary folding level. Therefore, CD spectra were obtained in the far-UV region of CLPI and UCLPI solution. The secondary structure content was estimated using DICHROWEB procedure (http://dichroweb.cryst. bbk.ac.uk/html/process.shtml), which is an online server for protein secondary structure analyses from CD spectroscopic data. The results in Table 4 , deduced from the CD spectra, revealed that CLPI and UCLPI were composed of 4 different conformations including α-helix, β-turn, β-sheet, and random coil structure. The β-sheet, β-turn content significantly increased and the α-helix, unordered content significantly decreased in UCLPI. The detailed alteration information was as follows: the content of α-helix and random coil decreased by 26.4 and 22.7%, respectively, while the content of β-sheet and β-turn increased by 15.2 and 54.0%, respectively. These results were consistent with the study by Hu et al. (Hu, Li-Chan, Wan, Tian and Pan, 2013) , who showed a decrease in α-helix and random coil, and an increase in β-sheet. However, the result of whey protein isolates (WPI) induced by high-intensity ultrasound during heat gelation showed no significant change in the secondary structure for any sample in CD measurements (Frydenberg et al., 2016) .
Water and Oil Holding Capacity
Water holding capacity (WHC) and oil holding capacity (OHC) are 2 important properties for food processing industries, as they can be used for texture and viscosity modification and for reducing the dehydration process during storage. In general, proteins with higher amounts of hydrophilic groups near the surface abide more water. The WHC of CLPI and UCLPI obtained is presented in Figure 7 . WHC values observed were 2.3 g/g for CLPI, while UCLPI had a significantly higher WHC of 3.2 g/g (P < 0.05). The peptide chain skeleton presented spongy structure and some ionized polarity groups by ultrasound treatment, which formed loose structure and provided a lot of storage space for water resulting in improved water binding capacity and higher WHC values (Knorr et al., 2004) .
The OHC determines the ability of proteins to bind fat via their non-polar chains. The OHC value of CLPI was observed at 1.9 g/g, while UCLPI had significantly higher OHC values of 2.7 g/g. Their high values made them useful for extending the shelf life of processed food products by reducing fat and moisture on the surface and improving the mouth-feel of the product. It was observed that ultrasound pretreatment made an improvement on the OHC of the isolate.
Emulsifying Properties
Emulsifying properties are important functional properties that play an important role in the development of new products. Emulsification is an important process for manufacturing various food formulations. The emulsifying ability index and emulsion stability index are used to describe the emulsifying properties of proteins.
EAI and ESI of CLPI and UCLPI at various concentrations (1.0, 5.0, 10.0, and 20.0 g/L) are shown in Figure 8 . EAI decreased with increasing concentrations of CLPI and UCLPI. ESI also decreased with increasing protein concentrations. However, significant differences in EAI and ESI were found in the same sample concentration of CLPI and UCLPI (P < 0.05). The increase in the formation of emulsions was possibly due to the fact that ultrasound treatment of liver protein isolate allows more rapid adsorption of protein to the oil-water interface, as reported by Curvale et al. (Curvale et al., 2008). In addition, the significant increase of hydrophobicity of UCLPI led to an increased rate of protein adsorption to the oil-water interface, reducing interfacial tension and allowing for improved facilitation of droplet break-up. Emulsion droplets (micrographs were magnified 1,000 times) of pre-emulsions prepared with them showed smaller and more droplets of UCLPI at the interface, yielding improved interfacial packing of proteins in Figure 9 . This improved stability of UCLPI by comparison to untreated CLPI is thought to be associated with an increase in the hydrophobicity and droplet size for O/W emulsions stabilized by ultrasound.
CONCLUSIONS
The application of ultrasound-assisted extraction significantly improved the recovery yield and protein extractability, and decreased the particle size and the enthalpy of denaturation of the isolate. Ultrasound not only had an impact on the secondary structure of proteins, but also improved the surface hydrophobicity. Moreover, UCLPI was capable of improving the water/oil holding capacity and emulsifying properties. Therefore, UCLPI might be beneficial to the meat byproduct industry by providing a new type of highprotein resource with high levels of lysine, and reduce the environmental pressure by reducing the byproduct waste.
